rgans and tissues adapt to acute or chronic mechanical stress by remodeling their actin cytoskeletons. Cells that are stimulated by cyclic stretch or shear stress in vitro undergo bimodal cytoskeletal responses that include rapid reinforcement and gradual reorientation of actin stress fibers; however, the mechanism by which cells respond to mechanical cues has been obscure. We report that the application of either unidirectional cyclic stretch or shear stress to cells results in robust mobilization of zyxin from focal adhesions to actin filaments, whereas many other focal adhesion proteins O and zyxin family members remain at focal adhesions. Mechanical stress also induces the rapid zyxin-dependent mobilization of vasodilator-stimulated phosphoprotein from focal adhesions to actin filaments. Thickening of actin stress fibers reflects a cellular adaptation to mechanical stress; this cytoskeletal reinforcement coincides with zyxin mobilization and is abrogated in zyxin-null cells. Our findings identify zyxin as a mechanosensitive protein and provide mechanistic insight into how cells respond to mechanical cues.
Introduction
The ability to respond to mechanical cues, such as stretch and shear, is a fundamental cellular attribute that is conserved from invertebrates to vertebrates (Gillespie and Walker, 2001) . In higher animals, organs and tissues adapt their morphologies and functions in response to acute or chronic mechanical stress (Frangos, 1993) . For instance, pressure overload causes cardiovascular hypertrophy, and the disuse of muscles results in atrophy. Mechanical stress induces adaptive remodeling of the actin cytoskeleton to yield changes in cell shape, orientation, and phenotype (Helmke and Davies, 2002; Ingber, 2003; Albinsson et al., 2004) . Although the physiology of mechanically induced tissue remodeling is well documented, the molecular mechanisms by which cells sense mechanical stress and convert the physical information into biological signals have remained elusive.
Two general models have been proposed to explain how cells sense physical forces. First, stretch-activated ion channels have been postulated to facilitate ion fluxes that activate signaling cascades in response to mechanical cues (Martinac, 2004) . Alternatively, constituents of cell adhesion sites and the actin cytoskeleton might be altered in response to physical forces and activate signaling cascades (Bershadsky et al., 2003; Ingber, 2003) . Based on this perspective, membrane-substratum interaction sites called focal adhesions, which serve to bridge integrins to the actin cytoskeleton, have been extensively studied in an effort to understand mechanotransduction (Naruse et al., 1998; Chen et al., 1999; Helmke and Davies, 2002; Bershadsky et al., 2003; Katsumi et al., 2004) .
Recent work has highlighted the significance of channel-independent elements of the mechanosensing machinery that appear to be localized at focal adhesions (Bershadsky et al., 2003) . Exposure of detergent-extracted cells to cyclic strain activates a signaling cascade involving the focal adhesion constituent p130
Cas (Crk-associated substrate) under conditions in which changes in ion permeability were eliminated (Tamada et al., 2004) . This study suggests that mechanical stress could alter the molecular composition of focal adhesions or the conformation of focal adhesion constituents to affect a cellular response.
Zyxin is a LIM protein with several features that suggest a role in the cellular response to mechanical cues. First, zyxin is localized prominently at focal adhesions, the site where the mechanosensor is thought to reside (Beckerle, 1997; Bershadsky et al., 2003) . Second, zyxin interacts directly with the stretch-sensitive protein p130
Cas (Yi et al., 2002) . Finally, zyxin's association with stress fiber termini and its ability to promote actin filament assembly (Fradelizi et al., 2001 ) are consistent with a role in the cytoskeletal remodeling that occurs upon the application of mechanical load.
We report that the unidirectional cyclic stretch of cells results in a rapid and robust mobilization of zyxin from focal adhesions to actin filaments, whereas other focal adhesion proteins and zyxin family members remain concentrated at the substratum attachment sites. Cyclic stretch also induces a rapid comobilization of vasodilator-stimulated phosphoprotein (VASP) from focal adhesions to actin filaments, and this depends on the presence of zyxin. Coincident with the redistribution of zyxin, there was a generalized thickening of actin filaments (i.e., stress fiber reinforcement), and this response was significantly attenuated in zyxin-null fibroblasts. Our studies establish zyxin as a mechanosensitive molecule and demonstrate that it plays a key role in actin remodeling and reinforcement in response to mechanical cues.
Results and discussion

Cyclic stretch induces bimodal actin cytoskeletal remodeling: reinforcement and reorientation
To investigate mechanically stimulated molecular changes within individual cells, we subjected fibroblasts adhering to ECM on elastic silicone membranes to cyclic stretch. Phalloidin staining of actin filaments after unidirectional cyclic stretch revealed two significant responses: rapid thickening (reinforcement) of actin filaments and gradual reorientation of actin stress fibers that were perpendicular to the stretch axis, which resulted in cell alignment (Fig. 1, A and B) . In this study, we have applied novel methods to quantitate the actin cytoskeletal remodeling that occurs in response to stretch. The actin thickening was quantitated based on the "erosion" rank filter to generate a stress fiber thickness index (SFTI) that reflects the thickness of actin filaments in regions, not on certain lines or points. The SFTI analysis demonstrated that 15 min of cyclic stretch induced significant thickening of actin filaments (Fig. 1 A) . The gradual actin reorientation was also quantitated by using alignment index analysis (Yoshigi et al., 2003) . We observed that cells dramatically reoriented their actin stress fibers from a random to a perpendicular alignment relative to the stretch axis (Fig. 1 B) . As (A) Phalloidin staining of mouse fibroblasts on unstretched membranes (Ϫ) or membranes exposed to 1 h of cyclic stretch (ϩ; 15% at 0.5 Hz). The stress fiber thickness index (SFTI) analysis showed actin thickening in a stretch duration-dependent manner (*, P Ͻ 0.05). Error bars represent SEM. (B) Labeling of F-actin in fibroblasts exposed to unidirectional cyclic stretch. Quantitative analysis illustrated progressive alignment of the actin cytoskeleton, which was perpendicular to the stretch axis, as a function of stretch durations. (C) Mechanical force induces both cytoskeletal reinforcement and reorientation. These two responses may result from sequential or parallel pathways that are mechanistically related or distinct.
demonstrated below (see Fig. 5 ), our ability to separate and quantitate the two critical responses to stretch-cytoskeletal reinforcement and reorientation-allowed us to evaluate whether the two processes were parallel or sequential and whether they had distinct molecular requirements (Fig. 1 C) . To explore whether the molecular composition of the focal adhesion is modulated in response to physical force, we characterized the subcellular localization of a number of focal adhesion constituents in response to cyclic stretch. After stretch for 15 min-1 h, vinculin-containing focal adhesions increased in number and size (Fig. 2 A) , which is consistent with previous reports that mechanical force induces the remodeling of integrin-based adhesions (Davies et al., 1994; Mack et al., 2004) . Like vinculin, many other focal adhesion constituents, including paxillin, talin, and FAK, remained concentrated in focal adhesions of both unstretched and stretched cells (unpublished data). In striking contrast to vinculin, the focal adhesion protein zyxin was rapidly mobilized from focal adhesions to the remodeling actin filaments in response to cyclic stretch (Fig. 2 B) . We obtained similar results with multiple, independently derived antizyxin antibodies (not depicted). Double labeling of vinculin and zyxin clearly revealed that vinculin-rich focal adhesions remained intact even as zyxin displayed a dramatic redistribution to actin filaments ( Fig. 2 C) . In a recent study in which vascular smooth muscle cells were stretched equibiaxially, zyxin moved from focal adhesions to cell nuclei, but no accumulation of zyxin on actin filaments was reported (Cattaruzza et al., 2004) . The variance may be a result of differences in cell type or of the protocols used for mechanical stimulation.
To validate that the altered distribution of zyxin in response to stretch accurately reflects a physiological change and does not result from altered antibody accessibility in the stretched cells, we examined the impact of cyclic stretch on the distribution of GFP-zyxin that was expressed in fibroblasts derived from zyxin Ϫ / Ϫ mice (Fig. 3 A; Hoffman et al., 2003) . The phenotype of zyxin Ϫ / Ϫ fibroblasts will be described in detail elsewhere (unpublished data). Direct visualization of GFP-zyxin revealed strong zyxin accumulation in focal adhesions before stretch and a mobilization of zyxin to stress fibers with a corresponding reduction in the focal adhesion resident zyxin after stretch (Fig. 3 B) . Collectively, these data identify zyxin as a mechanosensitive protein at cell-substratum attachment sites. Given this evidence that the subcellular distribution of zyxin is dynamic and sensitive to physical cues, the validity of using GFP-zyxin as a focal adhesion marker should be reevaluated.
To examine the kinetics of zyxin's mobilization in response to stretch, we studied GFP-zyxin-expressing fibroblasts by using a stretch device that was custom designed for live cell imaging. The response to stretch was extremely rapid, as merely 60-120 s of cyclic stretch (15% at 0.5 Hz) resulted in a significant accumulation of GFP-zyxin along actin filaments (Fig. 3 C, arrowheads) . The earliest stretch-induced mobilization of zyxin was detected in cells that were oriented with their primary cell axis parallel to the stretch axis, likely because the largest strain that was generated along actin filaments was parallel to the stretch axis (McKnight and Frangos, 2003) .
To explore whether the stretch-induced mobilization of zyxin depends on integrin functions, cells were plated on the or subjected to uniaxial cyclic stretch (ϩ; 1 h at 15% and 0.5 Hz) aligned and reinforced their actin filaments (phalloidin staining), whereas the focal adhesion protein vinculin remained at adhesion sites. (B) In contrast to vinculin, unidirectional cyclic stretch resulted in the mobilization of zyxin from focal adhesions to actin filaments. (C) Double labeling of vinculin and zyxin revealed their colocalization at focal adhesions in unstretched cells. Detection of vinculin in focal adhesions of stretched cells in which zyxin has been mobilized to actin filaments clearly illustrates that focal adhesions persist after stretch and highlight the reduced zyxin levels at those sites.
nonspecific attachment factor poly-D -lysine. Under this condition, zyxin did not relocalize in response to stretch (Fig. 3 D) , demonstrating that integrin-mediated adhesion is required for the stretch-induced zyxin response. We also tested whether the stretch-induced mobilization of zyxin was dependent on stretch-activated ion channels by using Gd 3 ϩ , which is a wellcharacterized inhibitor of stretch-activated ion channels (Martinac, 2004) . Gd 3 ϩ treatment did not affect stretch-induced zyxin mobilization from focal adhesions to stress fibers (Fig. 3 E) , suggesting that stretch-activated ion channels are not required for this response.
Interestingly, two proteins that are closely related to zyxin, the lipoma preferred partner (Petit et al., 2000) and thyroid receptor-interacting protein 6 (Yi et al., 2002) , failed to mobilize in response to stretch but remained concentrated at focal adhesions (unpublished data), whereas another cytoskeletal LIM protein, Hic-5, responded to mechanical cues in a fashion that was similar to zyxin (Kim-Kaneyama et al., 2005) . In future studies, it will be important to assess whether zyxin and Hic-5 display common features that contribute to their shared capacities for mechanosensitivity.
Zyxin is required for the ability of VASP to accumulate on stress fibers after mechanical stimulation
We showed previously that zyxin is primarily responsible for the localization of Ena/VASP proteins at focal adhesions (Drees et al., 1999) . Zyxin displays four proline-rich ActA repeats that bind to the ena/VASP family members (Krause et al., 2003) . Ena/VASP proteins promote actin polymerization on the surface of Listeria monocytogenes and within mammalian cells (Beckerle, 1998) . Because VASP is coexpressed with zyxin in mechanosensitive tissues like vascular smooth muscle, we postulated that zyxin might recruit VASP to the actin cytoskeleton in response to stretch and might facilitate stress fiber reinforcement.
We found that zyxin and VASP were coordinately mobilized from focal adhesions to actin filaments in response to cyclic stretch (Fig. 3 F) . Another zyxin-binding protein, ␣ -actinin, was present on stress fibers both before and after stretch (not depicted). To evaluate whether the redistribution of VASP to stress fibers after stretch was dependent on the presence of zyxin, we tested whether VASP in zyxin Ϫ / Ϫ cells would relocalize to actin filaments after stretch. We found that VASP in zyxin Ϫ / Ϫ cells failed to mobilize to actin filaments (Fig. 3 F) . To confirm that zyxin is responsible for targeting VASP to actin filaments during the cellular response to stretch, we reintroduced full-length GFP-tagged zyxin into zyxin Ϫ / Ϫ fibroblasts. Reexpression of zyxin restored the ability of VASP to accumulate along actin filaments in response to stretch (Fig. 3 F) . Thus, zyxin plays an essential role in the recruitment of VASP to actin filaments during the adaptive response to mechanical stress.
Generality of mechanically induced zyxin mobilization from focal adhesions
Cyclic stretch experiments have been used to mimic the dynamic environment of the vascular wall, which is expanded by pulsatile pressure (Kakisis et al., 2004) . Endothelial cells lining the vascular wall also experience shear stress as a major determinant of endothelial pathophysiology (Cunningham and Gotlieb, 2005) . To evaluate whether zyxin mobilization is a general response to mechanical stress or is limited to cyclic stretching, we tested the effect of physiological shear stress (15 dyne/cm 2 ) on zyxin localization. Human umbilical vein endothelial cells that were subjected to laminar shear stress reoriented their actin filaments to align parallel to the fluid flow, as seen by phalloidin staining (Fig. 4) . Concomitant with actin realignment, shear stress induced the mobilization of zyxin and VASP onto actin filaments, whereas the focal adhesion protein vinculin was not recruited to stress fibers. Similar results were obtained in human aortic smooth muscle cells upon the application of shear stress (unpublished data). Although the shearinduced accumulation of zyxin and VASP on stress fibers of endothelial cells was apparent, we commonly observed residual zyxin and VASP in focal adhesions as well. The incomplete mobilization of zyxin and VASP may reflect cell type differences or the fact that fluid shear stress represents a milder mechanical stress than cyclic stretch. Together, these data indicate that zyxin and VASP mobilization to stress fibers is a general response to mechanical stress that is conserved in multiple cell types.
Lack of zyxin results in an impaired cellular response to mechanical stress
The striking mobilization of zyxin and its binding partner VASP in response to stretch led us to postulate that zyxin is critical for reinforcement of the actin cytoskeleton in response to physical stress. To test this hypothesis, we evaluated the stretch response of zyxin null ( Ϫ / Ϫ ) fibroblasts. Actin filament arrays in wild-type ( ϩ / ϩ ) and zyxin-null ( Ϫ / Ϫ ) fibroblasts before and after 15, 30, and 60 min of cyclic stretch were compared. Actin filaments in zyxin Ϫ / Ϫ fibroblasts were significantly thinner as compared with actin filaments in zyxin ϩ / ϩ cells; representative images at 60 min of stretch are shown in Fig. 5 A. The SFTI analysis comparing zyxin ϩ / ϩ with Ϫ / Ϫ cells confirmed that cyclic stretch resulted in robust thickening of stress fibers in zyxin ϩ / ϩ cells in a duration-dependent manner, and this response was significantly attenuated in zyxin Ϫ / Ϫ cells (Fig. 5 B) . Reintroduction of GFP-zyxin into zyxin Ϫ / Ϫ cells rescued their ability to reinforce the actin cytoskeleton in response to stretch (Fig. 5 C) . These data demonstrate that zyxin is essential for the mechanically induced reinforcement of the actin cytoskeleton. It is intriguing to consider the possibility that the redistribution of zyxin to stress fibers in response to mechanical cues is driven by actin polymerization that depends on zyxin and partners such as VASP.
As described in Fig. 1 , cells both reinforce and reorient their actin cytoskeletons in response to uniaxial stretch. Using the alignment index analysis (Fig. 1 B) , we tested whether the lack of zyxin disturbed cytoskeletal reorientation in response to stretch. In this case, no significant difference in the alignment response was detected when comparing zyxin ϩ / ϩ with Ϫ / Ϫ cells (Fig. 5 D) . These results illustrate that zyxin is not essential for cells to reorient the cytoskeleton in response to direc- Figure 4 . Fluid shear stress leads to actin reinforcement, realignment, and mobilization of zyxin and VASP to actin stress fibers. Vascular endothelial cells that were subjected to fluid shear stress (2 h) aligned their actin filaments parallel to the flow direction (arrow). Zyxin and VASP mobilized to actin filaments, whereas vinculin remained at focal adhesions.
tional mechanical cues; thus, at least some components of the mechanotransduction remain intact in zyxin Ϫ / Ϫ cells. A comparison of the responses of wild-type and zyxin Ϫ / Ϫ cells to mechanical stress provides the first experimental evidence that mechanically induced cytoskeletal reinforcement and reorientation responses are independent, mechanistically distinct events (Fig. 1 C) .
Physiological implications
Our data highlight the importance of zyxin for the cellular response to mechanical forces, such as cyclic stretch and shear stress. Zyxin is expressed at high levels in mechanosensitive tissues such as lung, bladder, and the vasculature (unpublished data), indicating that zyxin plays a key role in the response to mechanical stress. Although zyxin-null mice are viable and fertile (Hoffman et al., 2003) , the compromised response of zyxin Ϫ / Ϫ cells to mechanical cues suggests that the null mice may exhibit pathophysiological defects if subjected to mechanical challenges.
In this study, we have shown that zyxin is rapidly mobilized from focal adhesions to actin stress fibers in response to mechanical cues in a manner that is dependent on integrin function and is independent of stretch-activated ion channels. Moreover, zyxin is essential for the ability of cells to reinforce actin cytoskeleton in response to mechanical cues. The zyxin-dependent recruitment of the actin assembly-promoting factor VASP to actin filaments provides a potential mechanism for the mechanically induced reinforcement of stress fibers.
Identification of the molecular triggers that result in the mobilization of zyxin and its stimulation of stress fiber remodeling will provide important insights into how cells respond to physical forces.
Materials and methods
Materials
Silicone membranes (durometer, 40; thickness, 0.5 mm) were obtained from AAA-Acme Rubber. Rat tail collagen (type I), poly-D -lysine, and bovine plasma fibronectin were purchased from BD Biosciences and SigmaAldrich, respectively. AlexaFluor phalloidin and DAPI were obtained from Invitrogen. Antizyxin (B71 and B38) and antithyroid receptor-interacting protein 6 (B65) antibodies were described previously (Hoffman et al., 2003) . Other scientists provided antilipoma preferred partner MP2 (M. Petit, University of Leuven, Leuven, Belgium) and anti-VASP 2010 (F. Gertler, Massachusetts Institute of Technology, Cambridge, MA) antibodies. Antivinculin (Sigma-Aldrich), paxillin (Chemicon), FAK, VASP (BD Biosciences), and AlexaFluor secondary antibodies (Invitrogen) were used as recommended by the manufacturers.
Cell culture and transfection
Mouse fibroblasts were isolated as described previously (Bockholt and Burridge, 1995) . Both early passage ( Ͻ p5) mouse embryo fibroblasts and late passage ( Ͼ p20) spontaneously immortalized fibroblasts were used with similar results. Primary human umbilical vein endothelial cells were used between passage p2 and p4 as recommended by the manufacturer (Cambrex).
Rectangular (3 ϫ 4.5 cm) silicone membranes were coated by a mixture of 25 g/ml type I collagen and 2 g/ml fibronectin solution for 6 h. Cells were plated at a density of 10,000 cells/cm 2 , and experiments were performed in growth medium 24 h after plating. Poly-D -lysine experiments were performed in reduced serum (0.4%) medium. For complementation studies, an expression construct encoding full-length zyxin tagged with NH 2 -terminal eGFP and COOH-terminal myc was introduced into zyxin-null fibroblasts by using the retroviral vector LINXz (provided by F.H. Gage, Salk Institute, San Diego, CA; Hoshimaru et al., 1996) and retrovirus-producing Phoenix cells (provided by G.P. Nolan, Stanford University, Stanford, CA).
In vitro mechanical stimulation systems
A custom-made unidirectional stretch device was developed (provided by P. Murdock, University of Utah, Salt Lake City, UT; Yoshigi et al., 2003) . The rectangular silicone membrane was clamped at both ends and pulled by a step motor. Strain patterns on the silicone membrane were analyzed by the finite element method to exclude areas where shear/longitudinal strain was Ͼ Ϯ5%. Parameters of physiological linear strain were set to 15% and 0.5 Hz, as used by others previously (Cattaruzza et al., 2004; Kim-Kaneyama et al., 2005) . Similar results were obtained by using 10% stretch. A shear stress device based on cone and plate viscometer was fabricated as described previously (Frangos, 1993) . Laminar fluid shear was applied at 15 dyne/cm 2 .
Protein detection
Cell staining was based on standard protocols. In brief, cells were washed in warmed Hepes-buffered saline solution, fixed in 3.7% PFA for 10 min, and permeabilized in 0.5% Triton X-100 for 10 min. Cells were incubated in primary antibody overnight at 4ЊC followed by secondary antibody for 1 h at RT. Phalloidin staining was performed as recommended by the manufacturer (Invitrogen). Cell images were captured with a fluorescence microscope (Axioplan-2; Carl Zeiss MicroImaging, Inc.), a 40ϫ plan NA 1.3 Neofluar objective, and a CCD camera (Cool-SNAP; Roper Scientific) equipped with QED software (QED Imaging). For immunoblotting, proteins were resolved by 10% SDS-PAGE and were transferred to nitrocellulose membranes for ECL detection (GE Healthcare) using standard protocols.
Quantitative image processing
The alignment index of the actin cytoskeleton was equivalent to the kurtosis of angle distributions as described previously (Yoshigi et al., 2003 ). An analysis of actin filament thickness was based on erosion rank filtering as described previously (Russ, 2002) . In brief, the sequential application of an erosion filter yielded brightness decay that was linearly related to the thickness of actin filaments. The decay constant was termed SFTI and reflects regional thickness of actin filaments. Phalloidin-stained actin filaments in 20 40ϫ images were randomly selected, and 100 regions of interests (round shape; ⌽ ϭ 20 m; all inside cells) were analyzed and averaged. The source code was implemented by using LabVIEW (National Instruments).
Statistical analysis
Data were expressed as means Ϯ SEM. Analysis of variance was performed followed by Dunnet's tests. P Ͻ 0.05 was defined as significant.
